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Introduction {#sec1}
============

The establishment of induced pluripotent stem cells (iPSCs), which exhibit pluripotent differentiation and self-renewal potential comparable with that of embryonic stem cells (ESCs), by reprogramming via the introduction of several genes into somatic cells has opened up new prospects for regeneration medicine, and a number of possible clinical applications are currently being studied ([@bib37], [@bib45]). We previously reported the efficacy of the transplantation of human iPSC (hiPSC)-derived neural stem/progenitor cells (hiPSC-NS/PCs) in spinal cord-injured mice and common marmosets ([@bib29], [@bib32], [@bib34]). However, several groups have reported teratoma formation following the transplantation of ESC- or iPSC-derived products ([@bib16], [@bib21], [@bib43]). We have also observed the overgrowth of cellular grafts during long-term monitoring of transplanted hiPSC-NS/PCs ([@bib35]). Thus, one of the greatest challenges in realizing clinical applications is the development of methodology to reduce the potential tumorigenicity of transplanted cells. Quality assessments of iPSCs and iPSC-derived products are now under way ([@bib7], [@bib13], [@bib15], [@bib20], [@bib44]). Several attempts have been made to remove potentially tumorigenic cells during and after iPSC derivation. These have included attempts to remove residual undifferentiated iPSCs from the pre-transplanted cells by excluding glucose from the lactate-enriched medium ([@bib48]), to extract target cells using surface antigen markers ([@bib8], [@bib15], [@bib41]), to eliminate iPSCs by means of carbohydrate chains ([@bib46], [@bib47]), and to inhibit cellular overgrowth by treatment with γ-secretase prior to transplantation ([@bib36], [@bib39]). Our group has also conducted studies involving the transplantation of cells that have been induced to differentiate into hiPSC-NS/PCs in immunodeficient animals to allow for the assessment of the cells prior to transplantation ([@bib38]). Even if such attempts are successful, however, the risk of tumor formation in residual pluripotent stem cells below the threshold of detection cannot be completely eliminated. The precise mechanisms behind oncogenic transformation have not been clearly elucidated, although several mechanisms have been proposed, including differentiation of tumors into neural elements ([@bib6], [@bib35]), tumor formation by cells with arrested differentiation, teratoma growth from remnant iPSCs, and previously unknown mechanisms of tumor formation, such as dedifferentiation ([@bib26]). It is impractical to identify all these risks through pre-clinical studies, and the development of pre-transplantation safety measures that eliminate all risk of tumorigenesis is unrealistic. For these reasons, post-transplantation safety measures, such as surgery and γ-ray irradiation ([@bib28]), are also extremely important. In the present study, we explored the efficacy of a suicide gene introduced into iPSCs as a fail-safe against post-transplantation tumorigenic transformation.

A number of candidate suicide genes, such as HSV-TK, iCaspase9, human CD20, and mutant human thymidylate kinase, are currently being investigated for use in adoptive T cell therapy, which represents the front line of research regarding the establishment of gene-based fail-safe systems ([@bib11], [@bib14], [@bib18], [@bib23], [@bib30]). In studies of measures against tumorigenic transformation after ESC or iPSC transplantation, HSV-TK is the most commonly used gene ([@bib9], [@bib10], [@bib42], [@bib53]). However, apprehension has been expressed regarding the relatively poor ability of the HSV-TK inducer ganciclovir to cross the blood-brain barrier (BBB) ([@bib33]), the immunogenicity of murine transgenes ([@bib49]), and the fact that it takes about 3 days to induce apoptosis using this approach ([@bib11]). Moreover, there is a potential risk of adverse responses to long-term administration of ganciclovir, such as impairment of renal function, hepatic dysfunction, and pancytopenia, as well as secondary impairments caused by a bystander effect on adjacent tumors ([@bib12], [@bib53]). Because ablation by the HSV-TK system is limited to cells with high proliferative potential ([@bib5], [@bib22]), its efficacy in slow-growing tumors and grafts that remain undifferentiated, which may trigger a mass effect due to confinement in the spinal cord, remains unclear. Fail-safe strategies involving the iCaspase9 gene are devoid of such immunogenic potential and induce apoptosis within 24 hr ([@bib30]); such strategies have already been used to treat graft-versus-host disease following lymphocyte transplantation in clinical settings. The safety of this gene-based approach has been verified ([@bib4], [@bib14]), and it has received considerable attention for its potential in both gene transfer and the ablation of cells after transplantation ([@bib2], [@bib3]). However, the clinical use of iCaspase9 in CNS disorders has been limited, and the trans-BBB intramedullary distribution after systemic injection of the apoptosis inducer, small-molecule chemical inducers of dimerization (CIDs), remains unclear. Its effect on post-iPSC transplantation teratomas has been demonstrated, but its effect on tumors arising from iPSC-derived somatic cells is unknown. In the present study, we evaluated the efficacy of the iCaspase9 system as a fail-safe system by introducing the system into hiPSCs and hiPSC-NS/PCs and transplanting the transduced cells into the injured spinal cords of mice.

Results {#sec2}
=======

Integrated iC9 with CID Reliably Induced Apoptosis in iPSCs, iPSC-NS/PCs, and Terminally Differentiated Derivatives {#sec2.1}
-------------------------------------------------------------------------------------------------------------------

We prepared a lentiviral vector with the iCaspase9 gene (iC9) and the puromycin resistance gene as a selectable marker integrated under the EF-1α or UbC promoter ([Figure 1](#fig1){ref-type="fig"}A). The iCaspase9 gene was then transduced into two hiPSC lines with potential tumorigenicity after iPSC-NS/PCs transplantation in previous unpublished and published studies, TKDA3-4 and 253G1 ([@bib35]). Cultures of these two iCaspase9-transduced hiPSC (iC9-iPSCs) lines and cultures of non-transduced iPSCs (NT-iPSCs) established by the addition of a small-molecule CID (AP20817) were incubated for 24 hr. After incubation, the cultures were subjected to cell morphological assessments, cell counting, and detection of apoptotic cells by flow cytometry after annexin V/7-AAD (7-aminoactinomycin D) viability staining ([Figures 1](#fig1){ref-type="fig"}B and 1C). In both cell lines, cellular detachment and a marked decrease in the viable cell counts were noted in the CID-added iC9-iPSC cultures ([Figure 1](#fig1){ref-type="fig"}B, left and middle). Fluorescence-activated cell sorting (FACS) analysis revealed that approximately 95% of the cells were apoptotic ([Figure 1](#fig1){ref-type="fig"}B, right). In the NT-iPSC or iC9-iPSC cultures grown in the absence of CID, on the other hand, the cells were found to be adherent to the dishes and maintained in colonies ([Figure 1](#fig1){ref-type="fig"}B, left and middle) with a cellular mortality rate as low as 30% ([Figure 1](#fig1){ref-type="fig"}B, right). We then investigated the effects of CID on hiPSC-NS/PCs derived by induced differentiation from these hiPSCs. Exposure to CID led to apoptosis of \>93% of cells in the cultures of the iCaspase9-transduced hiPSC-NS/PCs (iC9-hiPSC-NS/PCs) in all cell lines tested ([Figure 1](#fig1){ref-type="fig"}C).

Terminally differentiated neurons and astrocytes from hiPSC-NS/PCs were also similarly treated with CID after 14 days of induced differentiation, followed by immunostaining. There was no difference in the trends of differentiation between the NT-iPSC-NS/PCs and iC9-iPSC-NS/PCs following terminal induced differentiation, and treatment with CID also resulted in apoptosis of these terminally derived cells after induced differentiation ([Figure S1](#mmc1){ref-type="supplementary-material"}). These results indicate that the iCaspase9 system exerts similar effects in hiPSCs, hiPSC-NS/PCs, neurons, and astrocytes following induced differentiation.

Integrated iC9 Abolished hiPSC-NS/PC-Derived Tumors and Controlled Adverse Events after Transplantation {#sec2.2}
-------------------------------------------------------------------------------------------------------

We transplanted the two hiPSC-NS/PCs cell lines described above (TKDA3-4 and 253G1) into the injured spinal cords of NOD/SCID mice and followed their engraftment by performing weekly bioimaging checkups. The animals were dosed with CID when overt growth of the transplanted grafts was noted, and the treatment efficacy was assessed ([Figure 2](#fig2){ref-type="fig"}). Parallel observations included motor function assessments using the Basso Mouse Scale (BMS) scoring system and histological evaluations.

Transplantation of TKDA3-4 iPSC-NS/PCs {#sec2.3}
--------------------------------------

First, iC9-TKDA3-4 iPSC-NS/PCs were transplanted into the injured spinal cords of NOD/SCID mice. Luminescence began to increase from week 2 post transplantation in both the EF-iC9-TKDA3-4 iPSC-NS/PCs and UbC-iC9-TKDA3-4 iPSC-NS/PCs grafted groups. At week 3 post transplantation, the luminescence had increased to approximately 10% of that at the time of transplantation in the EF-iC9-TKDA3-4 hiPSC-NS/PCs grafted group, which was comparable with the level at the time of transplantation in the UbC-iC9-TKDA3-4 hiPSC-NS/PCs grafted group. The luminescence subsequently reached a plateau in the EF-iC9-TKDA3-4 hiPSC-NS/PCs grafted group, whereas in the UbC-iC9-TKDA3-4 hiPSC-NS/PCs grafted group it continued to increase until it reached 10-fold the initial level at week 12 post transplantation. In response to administration of CID at week 3 post transplantation, the luminescence quickly diminished to the background level in all animals, even though the tumors exhibited rapid growth. Further observation revealed no evidence of a re-increase in the luminescence ([Figures 2](#fig2){ref-type="fig"}A and 2B, left and middle).

The hindlimb motor function of the mice increased slightly after transplantation in the EF-iC9-TKDA3-4 hiPSC-NS/PCs grafted group, but this improvement halted, followed by a gradual decrease. In the UbC-iC9-TKDA3-4 hiPSC-NS/PCs grafted group, the functional recovery was minimal immediately after transplantation, and a gradual functional decline was noted from week 2--3 post transplantation onward. Function eventually declined to below the baseline level. The motor function decreased following administration of CID in the EF-iC9-TKDA3-4 hiPSC-NS/PCs grafted group, although the subsequent decrease in BMS scores in this group was minimal compared with the scores in the non-CID-treated groups. In the UbC-iC9-TKDA3-4 hiPSC-NS/PCs grafted group, functional recovery was significantly increased after treatment with CID compared with that in the non-CID-treated groups at the final evaluation ([Figures 2](#fig2){ref-type="fig"}A and 2B, right).

Transplantation of 253G1 hiPSC-NS/PCs {#sec2.4}
-------------------------------------

We next transplanted iC9-253G1 hiPSC-NS/PCs into the injured spinal cords of NOD/SCID mice. Luminescence began to increase from week 2 post transplantation, reaching a plateau at week 3 post transplantation. In response to the administration of CID at this time, the luminescence rapidly diminished to the background level. Further observation revealed no evidence of a re-increase in the luminescence ([Figures 2](#fig2){ref-type="fig"}C and 2D, left and middle). Recovery of hindlimb motor function was noted, corresponding to an increase in the BMS score to 3 immediately following transplantation. The BMS score subsequently reached a plateau in the EF-iC9-253G1 hiPSC-NS/PCs grafted group. No depression of hindlimb motor function occurred thereafter in the present experiment. Although no significant difference was noted, motor function decreased slightly after administration of CID, and the BMS score tended to be lower in this group compared with the CID-treated groups at the final evaluation. The BMS score also increased to 3 or 4 after transplantation in the UbC-iC9-253G1 hiPSC-NS/PCs grafted group, although a subsequent gradual decline in the motor function was observed in this group. There was a slight depression of motor function after the administration of CID in the CID-treated groups. At the final observation, however, the BMS scores in the CID-treated groups showed no significant difference compared with those in the non-CID-treated groups, although they tended to be somewhat lower ([Figures 2](#fig2){ref-type="fig"}C and 2D, right).

Grafted hiPSC-NS/PCs Formed Neural Tumors and Teratomas, and the Activated iC9 System Induced Apoptosis in Both of These iPS-NS/PC-Derived Tumors {#sec2.5}
-------------------------------------------------------------------------------------------------------------------------------------------------

Enlarged grafts extending both cephalic and caudal directions in the spinal cord were noted in the EF-iC9-TKDA3-4 hiPSC-NS/PCs grafted group of mice ([Figures 3](#fig3){ref-type="fig"}A and 3B, left). Of the cells of the enlarged grafts, 19.2% were positive for Ki-67, up to 59.3% were positive for OCT4, and the majority of the cells were Nestin-positive undifferentiated neural precursor cells; the remaining small proportion of cells included cells that differentiated into the three neural linages ([Figures 3](#fig3){ref-type="fig"}C--3E, left). In the UbC-iC9-TKDA3-4 hiPSC-NS/PCs grafted group, on the other hand, all mice were found to bear giant tumors, which occasionally exhibited extramedullary spread, causing conspicuous displacement of the normal spinal cord parenchyma ([Figures 3](#fig3){ref-type="fig"}A and 3B, right). While the cells in some of these tumors were noted to have differentiated into neural linages, most tumors were found to be teratomas containing embryonic elements of all three primary germ cell layers. Immunohistological evaluations revealed that 23.3% of the cells were Ki-67 positive and 44.4% were OCT4 positive ([Figures 3](#fig3){ref-type="fig"}C--3E, right). At 1 week after the administration of CID all engrafted cells disappeared, similar to the results of the in vivo imaging system data. There was neither regrowth of the tumors nor grafted cell remnants, even after continued observation until week 12 post transplantation, similar to the outcome observed in the non-CID-treated groups ([Figure 3](#fig3){ref-type="fig"}).

In the EF-iC9-253G1 hiPSC-NS/PCs grafted group of mice, solid tumors composed of undifferentiated neural cells were found spreading through the entire spinal medulla, as previously reported ([Figures 4](#fig4){ref-type="fig"}A and 4B, left). Cellular elements of the graft were composed in parts of βIII-tubulin-positive neurons, glial fibrillary acidic protein (GFAP)-positive astrocytes, and adenomatous polyposis coli (APC)-positive oligodendrocytes, and the major part of the graft was composed of Nestin-positive cells. OCT4-positive cells accounted for 64.9% of cells and Ki-67-positive cells for 8.1% of cells ([Figures 4](#fig4){ref-type="fig"}C--4E, left). One week after the administration of CID, a major portion of the graft disappeared. There were no cellular remnants at the final observation.

The graft presented features of a tumor largely composed of Nestin-positive undifferentiated neural cells in the UbC-iC9-253G1 hiPSC-NS/PCs grafted group, as in the EF-iC9-253G1 hiPSC-NS/PCs grafted group. Occasionally, extramedullary tumor formation was observed ([Figures 4](#fig4){ref-type="fig"}A and 4B, right). OCT4-positive cells made up 54.0% of all cells, and Ki-67-positive cells accounted for 11.0% of all cells ([Figures 4](#fig4){ref-type="fig"}C--4E, right). Following CID treatment, all of the transplanted cells disappeared.

Discussion {#sec3}
==========

In the present study, we examined the apoptosis-inducing efficacy of iC9-TKDA3-4-hiPSC-NS/PCs and iC9-253G1 hiPSC-NS/PCs in vitro. Both showed a high propensity for oncogenic transformation after transplantation. The cellular grafts were then transplanted into injured spinal cords of NOD/SCID mice to allow for tumor formation. Our results demonstrate the efficacy of the iCaspase9 system in inducing apoptosis in both intraspinal cord teratomas and intraspinal cord neural tumors.

We successfully achieved quick induction of apoptosis in approximately 95% of the iPSCs in vitro, as in a previous report ([@bib3]). This apoptosis induction rate was essentially comparable with the data reported from experiments carried out using the HSV-TK system ([@bib9]). We observed iCaspase9 gene expression in all cell types that were examined, including the hiPSC-NS/PCs and their terminally differentiated products, namely, neurons. Furthermore, we found that there was no detectable influence of the iCaspase9 gene system on the efficiency of terminal differentiation of hiPSC-NS/PCs into neurons and astrocytes. No significant differences were observed between the EF-iC9-iPSCs and UbC-iC9-iPSCs or between the EF-iC9-iPS-NS/PCs and UbC-iC9-iPS-NS/PCs, although the rate of apoptosis induction was somewhat higher in the UbC-iC9-iPS-NS/PCs. Reports of studies of iCaspase9 gene transduction under the EF1α promoter revealed that DNA methylation occurs during the process of differentiation, which results in downregulation of the iCaspase9 gene expression ([@bib51]) or iCaspase9 gene silencing ([@bib40]). Contaminant non-iCaspase9-expressing cells may have had a lower rate of apoptosis induction in the EF-iC9 iPSC and hiPSC-NS/PC populations in the present study via the same mechanism. We performed further observation by serial subculturing after exposure to CID, whereby no viable cells were observed. However, this may not represent complete killing, because annexin V/7-AAD-positive cells failed to reach 100%. Therefore, new genetic manipulation technology that ensures gene insertion and enhances the effectiveness of the iCaspase9 system is required to be widely used.

We also evaluated the apoptosis-inducing effect of iCaspase9 in vivo. Tumorous proliferation of diverse histological types was observed following grafting of the hiPSC-NS/PCs. In all of the EF-iC9-TKDA3-4 iPS-NS/PCs, EF-iC9-253G1 hiPSC-NS/PCs, and UbC-iC9-253G1 hiPSC-NS/PCs grafted groups in this study, non-teratomatous neural tumor formation occurred, consistent with previous reports ([@bib24], [@bib35]). Although a larger portion of the tumors exhibited solid growth of Nestin-positive cells that had not terminally differentiated, some of the transplanted cells had differentiated into neurons, astrocytes, or oligodendrocytes. In the UbC-iC9-TKDA3-4 hiPSC-NS/PCs grafted group, however, the graft rapidly increased in size, growing into a teratoma containing embryonic elements of all three primary germ cell layers. In the apoptosis-induced groups, administration of CID was followed by quick disappearance of all the transplanted cells, regardless of the type of tumor formed, and there was neither gross evidence of graft re-enlargement nor histological evidence of remnant cells, even at long-term follow-up. It had previously been unclear whether systemically administered CID is distributed into the cerebrospinal fluid; however, in the present study we found that intraperitoneally injected CID rapidly reached cells engrafted in the CNS and induced apoptosis, similar to reports of previous studies of subcutaneous tissue and blood. This suggests that CID is an effective inducer even in the CNS protected by the BBB. In the present study, nevertheless, the CID treatment was undertaken after tumor formation. Thus, it is likely that pronounced neovascularization was present in the peritumoral region at the point of CID treatment, which would result in efficient induction of apoptosis in the presence of the undeveloped newly formed BBB. Further discussion of CID permeability through the BBB is needed in the future.

The EF-iC9-TKDA3-4 hiPSC-NS/PCs, EF-iC9-253G1 hiPSC-NS/PCs, and UbC-iC9-253G1 hiPSC-NS/PCs grafted mice exhibited improved hindlimb motor function until week 4 after transplantation, with a subsequent gradual decrease of function. In the CID-treated groups there was a slight decline in function followed by a plateau. In the UbC-iC9-TKDA3-4 iPS-NS/PC-grafted mice, compared with hindlimb function at the time of the transplantation, hindlimb function declined due to enlargement of the teratoma to the extent that the ankle joint was slightly movable but barely capable of bearing weight. In the CID-treated groups, on the other hand, no such deterioration due to tumor enlargement was noted after the disappearance of the transplanted cell-derived tumors in response to CID injection, and there was a slight recovery of function compared with function at the time of transplantation. However, this was comparable with the hindlimb motor function observed in the PBS-grafted groups reported in previous studies and may represent spontaneous progression post spinal cord injury in NOD/SCID mice ([@bib34]). According to previous studies in which tumorigenic transformation was not observed post transplantation, transplanted cells appeared to contribute to the improvement of motor function ([@bib17], [@bib34]). When these cells that contributed to the functional recovery were ablated, motor function declined, but there was a slight recovery in the final motor function compared with the PBS-transplanted groups ([@bib1]). Owing to the intact motor function in the mice of the transplanted cell ablation group among the present iC9-TKDA3-4 hiPSC-NS/PCs grafted groups, it did not appear that the iC9-TKDA3-4 hiPSC-NS/PCs were able to improve hindlimb motor function through mechanisms such as reconstruction of neural circuits in the injured spinal cord after the transplantation. Furthermore, it has been reported that hiPSC-NS/PCs liberate a variety of humoral factors ([@bib29]). Our data showed no evidence of functional recovery attributable to humoral factors after transplantation of the UbC-iC9-TKDA3-4 hiPSC-NS/PCs that formed teratomas. Eventually, a gradual depression of hindlimb function due to a mass effect associated with tumor enlargement was observed. Subsequently, we noted that ablation of the transplanted cells prevented the depression of hindlimb function, leading to a restoration to spontaneous progression after spinal cord injury. For the iC9-253G1 hiPSC-NS/PCs grafted groups, on the other hand, a slight decrease in hindlimb function was observed in the CID-treated group, which suggests that the treatment may contribute to functional recovery even in the presence of abnormal proliferation of undifferentiated neural cells. Furthermore, changes in motor function associated with the rapidly growing tumors, such as teratomas, were reversible provided that the duration of tissue displacement by the tumor was \<3 weeks, and full rescue from tumor-related adverse events by administration of CID seems achievable. Previous assessments have shown that, in the case of slowly growing tumors in the spinal cord, hindlimb motor function begins to decline due to tumor enlargement and progresses to complete paralysis. However, in our study, recovery from depressed hindlimb motor function was evident even after tumor ablation on day 100 post transplantation ([@bib24]). We cannot exclude the possibility, however, that additional functional depression caused by a rapidly growing tumor may appear during longer-term follow-up.

The aim of the present study was to explore the induction of apoptosis in tumors formed from hiPSC-derived products. Our results demonstrate that apoptosis can be induced by CID in tumors grown from transplanted cells that have undergone differentiation after engraftment and have been in close interaction with host tissues independent of the underlying mechanism of tumor formation and differentiation. Our results also showed that injected CID is able to reach transplanted cells and induce their apoptosis even in the spinal cord, which is segregated from the bloodstream by the BBB, just as in subcutaneous tissues and circulating blood. We also confirmed that the administered CID inhibited the growth of tumors formed after cell transplantation, and quickly and completely ablated the transplanted cells. In the future, it may become feasible to specifically conserve differentiated neural cells by integrating a suicide gene under a tumorigenesis-specific promoter using a factor such as the HSV-TK gene rather than by means of total ablation. This will allow for a more selective ablation of tumor-initiating cells and proliferative cells. Under the present conditions, whereby the conceivable mechanisms of tumorigenic transformation are diverse and other risks involved in the transplantation of cells remain unclear, methods for completely ablating or "undoing" all possible adverse events must be an option. In the present study, the iCaspase9 system was shown to be able to induce apoptosis in a broad range of cell and tissue types, including hiPSCs, differentiated hiPSC-NS/PCs, neurons, teratomas formed from hiPSC-derived products, and differentiated neural tumors. We also found no evidence of remnant cells on long-term follow-up, suggesting the ablation, rather than the involution, of tumors by the iCaspase9 system. Furthermore, iCaspase9 gene transfection into good clones may lead to elucidation of the neural regeneration mechanism of transplanted cells. We recognize that the transduction of the iCaspase9 system using a lentiviral vector represents a potential shortcoming of the present study. There are still a number of problems that need to be resolved, and at present it is still not suitable for clinical application. The use of a non-integrating vector ([@bib50]) or gene introduction into a particular gene locus, e.g., a safety harbor, would help to minimize the risks associated with gene introduction by transfection. Furthermore, the potential effects of iCaspase9 gene on the differentiation and characteristics of the transplanted cells cannot be ruled out; hence, long-term follow-up is necessary. Once these issues are resolved, the iCaspase9 system may become a useful method for reducing risk in clinical applications of hiPSC-derived products.

Experimental Procedures {#sec4}
=======================

hiPSC Culture and Lentiviral iC9 Transduction {#sec4.1}
---------------------------------------------

Cell cultures of hiPSCs (hiPSC clone 253G1 \[[@bib31]\] and TKDA3-4 \[[@bib52]\]) were established as previously described ([@bib24]) with slight modifications. For introduction of the iC9 gene into the iPSCs, 1 × 10^5^ iPSCs were plated on 6-well plates coated with iMatrix-511 (Nippi) and cultured in StemFit AK03 medium (Ajinomoto) for 24 hr. The iPSCs were then transduced with the prepared iCaspase9-expressing lentiviral vectors at an MOI of 20 according to a previously reported method ([@bib3]). The medium was replaced every day after transduction. iCaspase9-expressing cells were selected with puromycin-containing medium (1 μg/mL, Sigma P9620).

Neural Induction and Lentiviral ffLuc Transduction {#sec4.2}
--------------------------------------------------

Neural induction was performed as described in a previous report ([@bib24]) with slight modifications. For generation of hiPSC-NS/PCs, embryoid bodies (EBs) were generated from iPSCs grown in suspension in bacterial culture dishes without fibroblast growth factor 2 (FGF-2) for 4 weeks. The EBs were next dissociated into single cells using TrypLE Select and cultured in suspension at 1 × 10^6^ cells/mL in media hormone mix supplemented with B27 and 20 ng/mL of FGF-2 (PeproTech) and 10 ng/mL hLif (Merck) with 1 μg/mL puromycin for 12 days. The ffLuc lentivirus was prepared and transduced into neurospheres following a method described in a previous report ([@bib24]). In brief, primary neurospheres were dissociated and transduced with lentivirus-expressing ffLuc (Venus fused to firefly luciferase) ([@bib19]) under the control of an elongation factor promoter (pCS II-EF-dVenus-Luc2). These primary neurospheres were passaged to fourth-passage neurospheres and used for transplantation.

Measurement of Apoptosis {#sec4.3}
------------------------

Eighty nmol/L CID/AP20187 (Clontech) was added to a dish containing NT-iC9-hiPSCs or a flask containing iC9-hiPSC-NS/PCs. Twenty-four hours after CID addition, the cells were stained with annexin V (BD Biosciences) and 7-AAD (BD Biosciences) for 15 min according to the manufacturer\'s instructions. Flow cytometry was performed using a FACS Verse instrument (BD Biosciences) with FlowJo software (Tree Star).

Spinal Cord Injury Model and Transplantation of iPS-NS/PCs {#sec4.4}
----------------------------------------------------------

Eight-week-old female NOD-SCID mice (20--22 g) were anesthetized by an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). After laminectomy at the tenth thoracic spinal vertebra, the dorsal surface of the dura mater was exposed. Contusive spinal cord injury was induced at the Th10 level using an IH impactor (60 kdyn; Precision Systems and Instrumentation). Nine days after the injury was induced, 5 × 10^5^ iC9-iPSC-NS/PCs were transplanted into the lesion epicenter of each mouse (n = 48) using a glass micropipette at a rate of 1 μL/min using a 25-μL Hamilton syringe and a stereotaxic microinjector (KDS 310, Muromachi Kikai). All experiments were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals of Keio University (Assurance No. 13020) and the Guide for the Care and Use of Laboratory Animals (NIH). All surgeries were performed under anesthesia, efforts were made to minimize animal suffering, and humane endpoints were used.

Motor Function Analyses {#sec4.5}
-----------------------

Hindlimb motor function was evaluated after the induction of contusive spinal cord injury according to the BMS locomotor rating scale. Well-trained investigators blinded to the treatments performed the behavioral analyses.

Bioluminescence Imaging {#sec4.6}
-----------------------

The Xenogen-IVIS spectrum cooled charge-coupled device optical macroscopic imaging system (Caliper Life-Sciences) was used for the bioluminescence imaging (BLI), which was performed to confirm the survival of the transplanted iPSC-NS/PCs. Monitoring was performed once per week after cell transplantation. In brief, D-luciferin (Promega) was administered via intraperitoneal injection at a dose of 300 mg/kg body weight. Animals were placed in a light-tight chamber, and photons emitted from the luciferase-expressing cells were collected with integration times of 5 s to 2 min depending on the intensity of the bioluminescence emission. BLI signals were quantified in maximum radiance units (photons per second per centimeter squared per steradian \[p/s/cm^2^/sr\]) and presented as log~10~(photons per second).

Induced Apoptosis of iPS-NS/PC-Derived Tumor {#sec4.7}
--------------------------------------------

Tumor-loaded mice were treated with CID (50 μg via intraperitoneal injection daily for 3 days) (n = 24). The CID(−) group mice that were not administered CID were used as control mice (n = 24).

Histological Analysis {#sec4.8}
---------------------

Animals were anesthetized and transcardially perfused with 0.1 M PBS containing 4% paraformaldehyde. The spinal cords were removed, embedded in Optimal Cutting Temperature compound (Sakura FineTechnical), and sectioned in the sagittal plane using a cryostat (Leica CM3050 S, Leica Microsystems). Sections were stained with H&E, Hoechst 33258 dye (10 μg/mL; Sigma-Aldrich B2883), and the following primary antibodies: anti-GFP (rabbit immunoglobulin G \[IgG\], 1:200; Frontier Institute Af2020), anti-β-tubulin isotype III (mouse IgG, 1:1,000; Sigma-Aldrich T8660), anti-GFAP (rabbit IgG, 1:200; Dako Z0334), anti-CNPase (mouse IgG, 1:1,000; Sigma-Aldrich C5922), anti-HNA (mouse IgG, 1:300; Chemicon MAB1281), anti-human cytoplasm (STEM121) (mouse IgG, 1:200; StemCells Y40410), anti-human-specific Nestin protein (rabbit IgG, 1:200; described previously \[[@bib25], [@bib27]\]), anti-Ki-67 (rabbit IgG, 1:200; Leica Biosystems PA0230), anti-OCT4 (mouse IgG, 1:50; Santa Cruz Biotechnology SC5279), and anti-APC CC-1 (mouse IgG, 1:200; Abcam ab16794). Samples were examined under an inverted fluorescence microscope (BZ 9000, Keyence) or confocal laser scanning microscope (LSM 700, Carl Zeiss). For quantification of the human nuclear antigen (HNA)-, Ki-67-, and OCT4-positive cells, three representative mid-sagittal sections were selected, and five regions within 1 mm rostral and caudal to the lesion epicenter were automatically captured at 200× magnification (n = 3 per group). The numbers of marker-positive cells were counted in each section.

Statistical Analysis {#sec4.9}
--------------------

All data are presented as mean ± SEM. Apoptosis was analyzed by performing an unpaired two-tailed Student\'s t test and one-way ANOVA followed by the Tukey-Kramer test. Differences in the quantitative analysis of the photon counts and BMS were analyzed by one-way ANOVA followed by the Tukey-Kramer test. All statistical analyses were performed using the Prism (GraphPad Software) programs. For all statistical analyses shown in the figures, the significance level was set at ^∗^p \< 0.05 and ^∗∗^p \< 0.0001.
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![Integrated iC9 with CID Reliably Induced Apoptosis in the iPSCs, iPSC-NS/PCs, and Terminally Differentiated Derivatives\
(A) Schematic representation of the lentiviral *iC9* bicistronic vector under the *EF-1α* or *Ubc* promoter. This vector contains the suicide gene *iC9*, a cleavable 2A-like sequence, and *Puro* as a selectable marker.\
(B) Two iPSC lines, TKDA3-4 and 253G1, were transduced with lentiviral *EF-1α* or *UBC-iC9.* The transduced iC9-iPSC lines and non-transduced iPSC lines (NT-iPSC) were treated with CID, and apoptosis was measured 24 hr later by cell counting and flow cytometry for annexin V/7-AAD staining (n = 3 independent experiments). Values represent means ± SEM. ^∗∗^p \< 0.0001 according to unpaired two-tailed Student\'s t tests and one-way ANOVA followed by the Tukey-Kramer test. ns, not significant. Scale bar, 1,000 μm.\
(C) Two lines of iC9-iPSC-NS/PCs were treated with CID, and the degree of apoptosis was similar after 24 hr (n = 3 independent experiments). Values represent means ± SEM. ^∗∗^p \< 0.0001 according to unpaired two-tailed Student\'s t tests and one-way ANOVA followed by the Tukey-Kramer test. ns, not significant. Scale bar, 1,000 μm.](gr1){#fig1}

![Integrated iC9 Ablated iPSC-NS/PC-Derived Tumors and Controlled Adverse Events after Transplantation\
(A--D, Left) Bioluminescence images of representative mice at 0, 21, and 84 days after transplantation of iC9-iPSC-NS/PCs. Upper panel: an NOD/SCID mouse not treated with CID (CID(−) group); lower panel: an NOD/SCID mouse treated with CID (CID(+) group).\
(A--D, Middle) Quantitative analysis of the photon counts derived from the grafted iC9-iPSC-NS/PCs. Values are expressed as means ± SEM. ^∗^p \< 0.05 according to one-way ANOVA followed by the Tukey-Kramer test.\
(A--D, Right) Motor function in the hind limbs was assessed by BMS scores. Values are expressed as the means ± SEM. ^∗^p \< 0.05 according to one-way ANOVA followed by the Tukey-Kramer test.\
N indicates the number of mice (i.e., n = 6 for each group).](gr2){#fig2}

![Grafted TKDA3-4 iPSC-NS/PCs Formed Neural Tumors and Teratomas, and the Activated iC9 System Induced Apoptosis of Both of these iPSC-NS/PC-Derived Tumors\
(A and B) Representative sagittal sections of the spinal cord stained with H&E (A) and human nuclear antigen (HNA) (B) at 84 days after cell transplantation.\
(C--E) Representative images of the grafted cells immunostained for Hoechst/HNA/Ki-67/OCT (C), Hoechst/Stem 121/Nestin/βIII tubulin (D), and Hoechst/HNA/glial fibrillary acidic protein (GFAP)/APC (E).\
Scale bars, 500 μm (A and B) and 100 μm (C--E).](gr3){#fig3}

![Engrafted 253G1 iPSC-NS/PCs Formed Neural Tumors, and the Activated iC9 System Induced Apoptosis in the 253G1 iPSC-NS/PC-Derived Tumors\
(A and B) Representative sagittal sections of a spinal cord stained with H&E (A) and human nuclear antigen (HNA) (B) at 84 days after cell transplantation.\
(C--E) Representative images of the grafted cells immunostained for Hoechst/HNA/Ki-67/OCT (C), Hoechst/Stem 121/Nestin/βIII tubulin (D), and Hoechst/HNA/glial fibrillary acidic protein (GFAP)/APC (E).\
Scale bars, 500 μm (A and B) and 100 μm (C--E).](gr4){#fig4}
